ABSTRACT. Aschersonia placenta had been recognized as an important fungal pathogen of whiteflies. In recent years, natural occurrence of Aschersonia in whitefly populations was observed in many citrus orchards in the southern regions of China. We analyzed 60 A. placenta isolates obtained from Chinese citrus orchards, using inter-simple sequence repeats to examine the genetic diversity and to determine whether intraspecific variation is correlated with geographic origin. One hundred and fourteen fragments were generated from these isolates; 97% were polymorphic. The Nei's gene diversity (H) was estimated to be 0.1748 within the populations (range 0.0974-0.2179) and 0.3057 at the species level. Analysis of molecular variance showed that the genetic variation was found mainly within populations (74.9%). The coefficient of gene High genetic variation detected among A. placenta isolates differentiation (G ST = 0.4315) indicated that 56.85% of the genetic diversity resided within populations. The Mantel test revealed no significant correlation between the genetic distance and the corresponding geographical distance (r = 0.142 and P = 0.887); the unweighted pair-group method using arithmetic average clustering gave similar results.
INTRODUCTION
Entomopathogenic fungi of the genus Aschersonia are found growing on whiteflies and scale insects, and are common in tropical regions, particularly in moist old-growth forests and citrus orchards (Chaverri et al., 2008) . Species in Aschersonia, such as A. aleyrodis and A. placenta, invade their hosts by actively penetrating the cuticle and have been recognized as an important fungal pathogen of whiteflies (Fransen et al., 1987; Faria and Wraight, 2001; Charnley and Collins, 2007) . A. placenta (teleomorph: Hypocrella raciborskii) has flattened anamorphic stromata composed of loose hyphal tissue and wide hypothallus, possesses conidiomata with very wide openings and confluent conidial masses, and is distributed in China, India, Indonesia, Malaysia, Thailand, Cameroon, Ghana, New Guinea, the Philippines, and Vietnam (Chaverri et al., 2005; Liu et al., 2006) . Former research has revealed that A. placenta is highly pathogenic to Bemisia argentifolii and Trialeurodes vaporariorum (Meekes et al., 2002; Wang et al., 2013) . The natural occurrence of A. placenta in whitefly populations has been observed in many provinces in China (Zhang and Li, 2012; Wang et al 2013) . It has shown a perfect natural infection rate of Aleurotrachelus camelliae in the forest (He et al., 2011) and high infection effect of Dialeurodes citri in citrus orchards in China (Tong, 1992; Zhang and Li, 2012) . However, few studies investigating A. placenta resources against whiteflies in the laboratory and field were reported in recent years, and molecular studies of A. placenta resources in China were less.
With the development of molecular techniques, molecular markers have been widely used to study the genetic characteristics of entomopathogenic fungi. Molecular characterization is considered to be import for better understanding population structure, isolate typing, ecology, and usefulness in the selection of a suitable fungal biocontrol agent (Han et al., 2002; Aquino de Muro et al., 2005; Wang et al., 2005) . Random amplified polymorphic DNA (RAPD) markers have been used to investigate relationships between Aschersonia species and isolates (Oborník et al., 1999) . In recent years, molecular phylogenetic analyses based on some genetic loci, such as large subunit nuclear ribosomal DNA (LSU), translation elongation factor 1-α (TEF1-α), RNA polymerase II subunit 1 (RPB1), RNA polymerase unit II (RPB2), mitochondrial small subunit rDNA (mtSSU), β-tubulin and internal transcribed spacer (ITS) sequences, were conducted to determine the relationships of new species to other species of Hypocrella/Aschersonia (Chaverri et al., 2005; Torres et al., 2007; Mongkolsamrit et al., 2009) and to examine whether some techniques were helpful in the classification of species with morphological characters (Liu et al., 2006; Chaverri et al., 2008) . Although the phylogeny of A. placenta has been studied by a few researchers, the genetic diversity and population structure of A. placenta remain unknown. Characterizing the genetic diversity of A. placenta is useful for screening native isolates as whitefly biological agents.
Inter-simple sequence repeat (ISSR) markers, which have the advantage over RAPDs by employing longer primers that improve reproducibility (Godwin et al., 1997) and are more rapid and economical compared to using the amplified fragment length polymorphism (AFLP) technique (Bornet and branchard 2001) , have been widely used to reveal the genetic diversity of fungi, such as the entomopathogenic fungus beauveria bassiana (Aquino de Muro et al., 2005; Wang et al., 2005) , the plant pathogenic fungus Corynespora cassiicola (Nghia et al., 2008) , Schistosoma japonicum isolates (Zhao et al., 2009) , and Fusarium poae isolates (Dinolfo et al., 2010) . These studies demonstrated that ISSR may be used as robust molecular markers for studying the population genetics of entomopathogenic fungi. ISSR marker technology was employed in this study to probe the genetic diversity of native A. placenta populations. The objectives were to investigate the genetic variation among A. placenta isolates and to examine whether intraspecific variation could be correlated with geographical origin.
MATERIAL AND METHODS

Fungal samples
The Aschersonia isolates were obtained from naturally infected whitefly nymphs on citrus leaves collected from the main citrus-planting areas in China. Sixty isolates of A. placenta were collected from 9 provinces of the southern area, namely Hunan, Jiangxi, Zhejiang, Fujian, Guangdong, Guangxi, Hubei, Chongqing, and Sichuan. They were divided into 13 populations according to the different ecological environments of the citrus plantations. Detailed information about the origin of the fungal isolates is presented in Table 1 . The isolates were cultivated on potato dextrose agar (PDA) at 25°C and 75% relative humidity (RH). The species were identified as A. placenta based on morphological characters.
DNA extraction
The mycelia used for DNA extraction were grown on PDA with cellophane at 25°C. A total of 150 mg mycelia were collected and homogenized in liquid nitrogen, and the mycelial powder, was suspended in 500 μL CTAB extraction buffer (100 mM Tris-HCl, pH 8, 20 mM EDTA, pH 8, 2% CTAB, 1.4 M NaCl and 1% β-mercaptoethanol]. After incubation at 65°C for 1 h, 550 μL phenol:chloroform:isoamyl alcohol (25:24:1) were added, and the mixture was centrifuged at l2,000 rpm for 10 min at 4°C. The aqueous layer was precipitated with isopropanol, and the DNA pellet was washed with 70% ethanol and resuspended in TE buffer (10 mM Tris-HCl, pH 8, and 1 mM EDTA, pH 8), containing 20 μg/mL RNase. All DNA samples were stored at -20°C until further use.
ISSR amplification
The ISSR primers were synthesized by GenScript Corporation (Nanjing, China); forty ISSR primers were used in this study. The amplification reactions were performed in a 25-μL reaction mixture containing 2.5 μL 10X PCR buffer (Sunny Biotech, Shanghai, China), 1.5 mM MgCl 2 (Sunny Biotech, Shanghai, China), 0.16 mM dNTP mixture, 0.4 mM each ISSR primer, 2.5 U Taq DNA polymerase (Dongsheng Biotech, Guangzhou, China), and 20 ng template DNA. PCR was performed as follows: an initial denaturation temperature of 94°C for 2 min; 10 cycles of 94°C for 45 s, 50-54°C (depending on the primers, Table 1 ), which was decreased by 0.5°C in each cycle, for 45 s, and 72°C for 1.5 min; another 25 cycles of 94°C for 45 s, 45-49°C for 45 s and 72°C for 1.5 min; and a final elongation of 72°C for 10 min. The amplified products were detected on 1.2% agarose gels using 0.5X TBE buffer (45 mM Tris and 1 mM EDTA) at room temperature. The gels were stained with ethidium bromide, visualized under UV light and photographed using a gel documentation system.
Data analysis
All clearly detectable ISSR product bands were scored for their presence (1) or absence (0). All amplifications were repeated at least twice and only reproducible and welldefined bands were considered for analysis. The polymorphic information content (PIC) value was calculated by an online tool (PICcalc, 2012). The binary matrix was subjected to statistical analyses using the Numerical Taxonomy Multivariate Analysis System (NTSYS-pc), version 2.10 (Rohlf, 1999) . The corresponding dendrogram was constructed using unweighted pair-group method with arithmetic mean (UPGMA). The Winboot software (Yap and Nelson, 1996) was used for a bootstrap analysis with 1000 replicates to obtain the confidence of branches of the cluster tree. The genetic diversity of the populations was analyzed using POP-GENE version 1.31 (Yeh et al., 1997) to determine the observed number of alleles (N A ), the effective number of alleles (N E ), Nei's gene diversity (H), Shannon's index (I), percentage of polymorphic bands (PPB), and Nei's genetic differentiation index between populations (G ST ). The analysis of molecular variance (AMOVA) program version 1.55 (Excoffier et al., 1992) was used to determine the genetic structure and variance between and within the populations. The significance of the variance components was determined using 1000 permutation tests. The correlation between Nei's genetic distance (Nei, 1978) and the logarithm of the geographical distance was tested with a Mantel test (Mantel, 1967) . A matrix correlation coefficient (r) and one-tailed P value were determined using 1000 random permutations.
RESULTS
ISSR amplification
Forty ISSR primers were screened and 12 reproducible and distinct primers were selected to investigate the genetic diversity of 13 A. placenta populations from 3 geographical regions (according to the division of optimum environment for citrus plantation in China) ( Table 1 ). The size of the amplified fragments ranged from 300 to 2800 bp, and the polymorphic bands of the primers ranged from 6 to 12 bands (Table 2) . With an average of 9.5 bands per primer, a total of 114 bands were generated, and 111 bands (97.37%) of these were polymorphic. The mean PIC for the primers was 0.372, with a range of 0.365 to 0.375. A representative ISSR profile from the primer A5 is shown in Figure 1 . 
Genetic diversity revealed by ISSR
The genetic diversity of 13 Aschersonia placenta populations is presented in Table 3 . The average N E per locus was 1.3038. The percentage of polymorphic bands (PPB) ranged from 23.68 to 63.16%, with an average of 47.37%. Nei's genetic diversity (H) ranged from 0.0974 and 0.2179, with an average of 0.1748 at the population level. Shannon's information index (I) varied between 0.1416 and 0.3302, with an average of 0.2595 at the population level. The genetic diversity of all populations and 3 groups are shown in Table 4 . At the species level, Nei's genetic diversity (H = 0.3057) and Shannon's information index (I = 0.4667) demonstrated a relatively high level of genetic diversity. Nei's total genetic diversity (H T ), within population genetic diversity (H S ), coefficient of genetic differentiation (G ST ) and gene flow (N m ) were 0.3074, 0.1748, 0.4315, and 0.6587, respectively. The polymorphic loci and percentage of polymorphic loci of 3 groups were less than those of the overall populations. In each group, relatively low G ST indicated that the genetic diversity between populations was less than that within populations within the group. The gene flow of the 3 groups was relatively higher than that of all populations. Table 4 . Comparison of genetic diversity estimates in 13 Aschersonia placenta populations and 3 geographical groups.
Genetic variation and relationships
AMOVA analysis (Table 5) showed that the genetic differentiation between and within the populations was significant (P < 0.001). The result (Φ ST = 0.251; P < 0.001) indicated that most of the variation was due to genetic differences within populations (74.93%) and 25.07% of the variation was partitioned between populations. When the genetic variation was assessed according to geographical regions, a large proportion of genetic variation (95.10%) existed between individuals within geographical regions, and only 4.90% of total genetic variability occurred between the three geographical regions. The coefficient of gene differentiation (G ST ) was 0.432, which also indicated a low level of population differentiation.
A Mantel test revealed that there was no significant correlation between the observed genetic distance and the calculated geographical distance (r = 0.142 and P = 0.887). UPGMA cluster analysis showing the genetic relationship between the 60 A. placenta isolates is presented in Figure 2 . The 60 isolates represented 59 haplotypes and were resolved into 2 clusters, with an average similarity between groups of 58%. Cluster comprised most of the samples from 3 geographical groups, and 56 isolates clustered only partially according to their geographical origins. Cluster α only contained 4 isolates. Samples 6 and 8 were from group 2, while 21 and 22 were from group 3. d.f. = degree of freedom; SSD = sum of squares; MSD = mean squared deviations; VC = variance component; TVP = total variance percentage; *significance tests after 1000 permutations. 
DISCUSSION
In our study, the genetic diversity of 13 populations of A. placenta across the major distribution regions in China was analyzed by ISSR markers. The mean PIC obtained in this study was 0.328, indicating that the primers were informative and useful for genetic variation studied in this research (Farsani et al., 2012) . The coefficient of gene differentiation (G ST = 0.4315) and AMOVA analysis revealed that high variation resulted from genetic differences between A. placenta individuals within populations. Similar results were reported for previous studies on many species using ISSR markers, such as Orychophragmus violaceus (Zhang and Dai, 2010) and Vicia ramuliflora and V. unijuga (Han and Wang, 2010) . Genetic variation is essential for a species to evolve and respond to environmental changes (Barrett and Kohn, 1991) . The high level of genetic variation among the A. placenta individuals suggests that they exhibit a flexible adaptability to environmental changes.
Nei's genetic diversity (H = 0.3057) and Shannon's information index (I = 0.4667) indicated that A. placenta maintained a high genetic diversity at the species level. The gene diversity of fungal isolates can arise due to the diversification of a single genotype into several forms through accumulations of changes in the genome (Padmavathi et al., 2003) . Taxon studies have described the morphological variation of A. placenta in color and size of stromata, color and the arrangement of conidial masses on the stromata, and size of conidia (Liu et al., 2006) . Such descriptions indicate that the fungus can exhibit a large degree of morphological plasticity with the potential for multiple morphological expressions of individual traits. Morphological plasticity may contribute to the high genetic diversity observed in this species. The genetic diversity of fungi can also be affected by many factors such as the ecosystems from which the isolates are derived, vegetation, insect host, and changing variant habitats (Wang et al., 2005) , reproduction, survival strategies and mechanism of dispersal (Castrillo and Brooks, 1998) and gene flow (Slatkin, 1987) . Of the 13 populations studied, the YZ population had the highest genetic diversity (H = 0.2179, I = 0.3302, PPB = 63.16%). The isolates of YZ population were collected from Yizhang county, Hunan Province. The ecosystems of Yizhang are complicated since it is surrounded on three sides by mountains higher than 1600 m and has many kinds of topography, such as plains, hills and mound land. Although the citrus orchards are usually distributed on the hills or mound land that are similar to other areas, the multiple and complex geographical climate may contribute to the high amount of diversity in this species. The genetic diversity of the ZH population from Pingyuan county of Fujian Province was also high (H = 0.2079, I = 0.3134, PPB = 61.40%). This area has a simple topography of hilly mountains and an altitude of less than 500 m. However, the 8 samples of this population were collected from 3 kinds of citrus plants, including pomelo, navel orange and citrus unshiu Marc. In contrast, the GZ and CQ populations showed lower genetic diversity than other populations. The reason might be that they contained fewer samples and were from citrus orchards with a simple ecosystem and single-variety plant.
The gene differentiation (G ST ) of the 3 geographical groups (0.4343, 0.3833 and 0.3520, respectively) indicated that the genetic diversity between populations was less than that within populations within these groups. The optimal citrus-planting ecological areas were divided into 4 geographical regions according to the topographical distribution in China. Although the topography of the 3 geographical groups (hilly land, mountain plain and basin, respectively) in the present study is different, the citrus-planting environment is similar. All samples were collected in the citrus orchards where there had been an outbreak of Dialeurodes citri in that period, so the diversity of host insects was low. The relative high gene flow (N m ) values between populations within each group (0.6512, 0.8045 and 0.9204) showed that the gene exchange between A. placenta populations was not limited. Therefore, the genetic diversity of these populations was high. Previous research has reported that high levels of haplotypic diversity can be maintained in asexually reproducing fungi (Zeigler et al., 1997) . The haplotypic diversity levels of A. placenta isolates within each population were high according to the dendrogram. All these reasons may reduce the genetic difference between populations.
Many studies have discussed the genetic relationships between entomopathogenic fungal isolates and their geographical origin. The AFLP analysis of B. bassiana isolated from insects and soil revealed no significant correlation between the isolates and their geographical origin (Aquino de Muro et al., 2003) . The opposite conclusion made by Aquino de Muro et al. (2005) suggested that both the ISSR and AFLP analyses of B. bassiana gave indications of intraspecific groupings correlated with the geographical origin. Wang et al. (2005) also indicated that there was a certain association between B. bassiana isolates and their geographical origin. Similar results were obtained in many molecular analysis studies of A. placenta. The clustering of Aschersonia isolates coincides with their geographical origin in the RAPD-based phylogenetic tree reconstructed by Oborník et al. (1999) . In contrast, the RAPD analysis of 16 Aschersonia spp isolates by Qiu et al. (2004) demonstrated a high genetic variation between the samples, but there was no association between the Aschersonia isolates and their geographical origin. Based on the analysis of previous studies, Wang et al. (2005) suggested that it is necessary to select fungal isolates from similar ecological habitats for detecting the genetic relationships between the isolates and their geographical origins. Although all A. placenta isolates were collected from citrus orchards that had similar planting environment and management strategy, the clustering analysis showed that there were no clear relationships between the A. placenta isolates and their geographical origin. Thus, more isolates and appropriate molecular techniques are required to obtain accurate assessments of the potential genetic relationships between isolates and their geographical origin.
In summary, our results indicated that the genetic diversity of A. placenta was high at the species level, and a high genetic differentiation was generally found between the isolates. Cluster analysis and the Mantel test did not reveal a significant correlation between the isolates and their geographical origin. The results suggested that gene exchange between the populations was not affected by their geographical distribution. The study of genetic variation between A. placenta isolates will enable us to screen highly pathogenic isolates with flexible adaptability to different citrus plantation environments for whitefly control, and to study correlations between genetic variation and other phenotypic traits, such as pathogenicity.
